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(57) A film (23) of a metal oxide semiconductor 

preferably Ti0 2 , is deposited on the substrate of the 
anode electrode (20), is sintered by heating the 
Ti0 2 particles, where particles sizes between less than 
30 nm and sizes more than 100 nm are mixed, and where 
the average particle size is 30-50 nm, which allows 
improving the photon conversion efficiency by keeping 
the dye adsorption area and by improving the light 
scattering effect. 
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Description ^ 

\ 

[0001] This invention concerns a photo-electrochemical cell, in particular the improvement of the photo-anode, that 
is, the electrode receiving incident light and converting this light into electricity. More particularly, the present 
invention relates to a photo-electrochemical cell, comprising an anode electrode having a film \of metal oxide 
5 semiconductor particles which have been deposited and sintered on a transparent conductive substrate, a dye that is 
adsorbed as a monomolecular layer on the surface of said metal oxide particles, a cathode electrode, and an electrolyte 
that is filling the space between the said anode electrode and cathode electrode. ' 
[0002] Such a kind of cell is well known and described in the U.S. Patent 5,084,365 (1992) by Graetzel et al. The 
sensitivity, i.e., the photo-electrochemical yield for visible light, is increased by chromophores, also known as 
10 sensitizers or dyes, deposited as a monomolecular chromophore layer on the surface of a semiconductor. \ 

[0003] Figure 1 and Figure 2 explain this type of photo-electrochemical cell of the present invention. Figure 1 
shows the schematic explaining the structure and the principle of a photo-electrochemical cell. Figure 2 shows an 
enlarged schematic describing the structure of metal oxide film (which has a semiconductor character) and the dye 
adsorbed on that film. \ 
15 [0004] The photo-electrochemical cell consists of a cathode electrode 10, an anode electrode 20 that is ai\ opposite 
side of this cathode electrode 10, and an electrolyte 30. The cathode electrode 10 consists of a glass piece 11 and a 
transparent conductive layer 12, which is deposited on the glass 11. The transparent conductive layer 12 can be, for 
example, a fluorine-doped Sn02 thin film on which Pt is deposited as a catalyst. < 
[0005] The electrolyte 30 consists of a redox couple, preferentially the iodide/tri-iodide couple (I7i 3 "), which is 
dissolved in an organic solvent like, for example, acetonitrile. , 
[0006] The photo-anode electrode 20 consists of a conductive transparent layer 22 which can be for example, a 
fluorine-doped Sn02 thin film deposited on a glass piece 21, and the film 23 made with a porous metal oxide 
semiconductor layer that is deposited on the transparent conductive layer 22. The semiconductor layer 23 is prepared 
with metal oxide crystal particles which were sintered by heating. The ensemble of the conductive transparent layer; 22 
2 ! and the glass piece 21 is called the substrate of the anode electrode. 

[0007] Moreover, as shown in Figure 2, this semiconductor layer 23 is sensitised by adsorbing a dye 25 composed 
preferentially by a ruthenium complex comprising more particularly cis-di(thiocyanato)bis(4,4'-dicarboxylate-2,2'- 
bipyridine) ruthenium(ll), on the surface of the metal oxide crystal particles 24. The semiconductor layer 23 sensitised 
with the adsorbed dye 25 is called the active part of the anode electrode. \ 
[0008] The electrolyte 30 is filling the space between the cathode electrode 10 and the anode electrode 20, as well; 
as the pores 26 between the metal oxide crystal particles 24. \ 
[0009] The operation principle of the above-mentioned photo-electrochemical cell is shown in Figure 1. When the , 
light, for example, the sunlight, penetrates through the glass piece substrate 21 and the transparent conductive layer \ 
22 of the anode electrode 20, it reaches the film 23 composed by the semiconductor layer, and it is absorbed by dye 25 
adsorbed on the surface of the metal oxide semiconductor crystal particles 24. Consequently, the dye is excited. As the ^ 
energy level of dye excited state is higher (more negative redox potential) than the conduction band level of the metal 
oxide (Ti02), the dye excited state injects an electron into the metal oxide. Following this electron injection, the dye 
25 is now oxidized. The electrons injected into the metal oxide move through the metal oxide film 23 and reach the \ 
transparent conductive layer 22. Then, the electrons reach the cathode electrode passing through the external circuit. \ 
In the cathode electrode, the reduction reaction of the redox couple is produced at the interface between the Pt \ 
catalyst deposited on the transparent conductive layer 12 and the electrolyte 30. In that sense, the electrons reaching • 
the cathode electrode 10 react with the I3" species in the electrolyte 30 and produced I". The I" species, which received 
electrons in the cathode electrode, move in the electrolyte 30, which is filling the pores 26 between the metal oxide 
crystal particles 24, and reduce the dye 25 which was in oxidized state. The cycle of the photo-electrochemical cell is ^ 
then completed. In this way, the photo-electrochemical cell is able to convert light energy such as sunlight into 
electrical energy. 

[0010] Also, in the above-mentioned photo-electrochemical cell, it is possible to increase the dye adsorption < 
surface area more than 150 times the projected area by decreasing the size of the metal oxide particles. This means that \ 
this photo-electrochemical cell is able to adsorb more dye molecules on metal oxide particles than a photo- 
electrochemical cell composed of other materials such as a single crystal metal oxide semiconductor, and, as a result, a \ 
relatively high photon-to-electron conversion can be obtained by effective incident light absorption. \ 
[0011] In US 5,084,365, a surface having a roughness factor of more than 20 and preferably more than 150, for 
example, about 200, is preferred. The roughness is defined as the ratio of an actual/effective surface of the projected 
55 area of that surface of a body, i.e., in the present case, the photo-electrochemically active surface of the metal oxide 
semiconductor. 

[0012] The rough surface of the metal oxide with a polycrystalline structure offers an area greater by the 
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roughness factor for a monomolecular surface layer of the chromophore. Consequently, the light incident on an area of a 
specific size is converted to electrical energy with a considerably greater yield. 

[0013] In the existing technology, the Ti0 2 particles sizes was conventionally within 10-25 nm and the BET surface of 
the metal oxide layer was about 100 m 2 /g. 

[0014] According to the theoretical analysis on this type of photo-electrochemical cell using a single dye and Ti02 
as the metal oxide semiconductor on the photo-anode, it is known that the maximum power conversion efficiency can be 
obtained when the incident light of wavelengths between 400nm and 900@1000nm is totally absorbed and converted into 
electrical energy. 

[0015] The present situation is that the photon conversion efficiency has been still low because the incident light 
could not be used efficiently. For example, even though the dye cis-di(thiocyanato)bis(4,4'-dicarboxylate-2,2'- 
bipyridine)ruthenium(ll) is known as the dye having one of the best performance in the present technology for such a 
photo-electrochemical cell, an effective photon conversion efficiency in the long wavelength range over 600 nm could not 
be obtained, as shown in Figure 3. 

[0016] As shown in Figure 3, the incident photon conversion efficiency (IPCE) as a function of the wavelength is 
almost linked to the light absorption coefficient of the dye used in this photo-electrochemical cell. Therefore, one of 
the methods to improve photon conversion efficiency consists in replacing the dye with another dye that has an improved 
light absorption coefficient for the wavelength range of 600-1 OOOnm. However, this type of dye is not available in the 
present technology. 

[0017] Another method investigated by the inventors to improve photon conversion efficiency was, for example, the 
improvement of the low light absorption coefficient of the dye molecule in the long wavelength range by thickening the 
metal oxide semiconductor film which will enlarge the dye adsorption surface area. However, this causes a new problem 
which is the increased risk of having cracks on the thick film during the sintering process. Furthermore, the diffusion 
flow of the redox couple, which carries the charge and diffuse through the electrolyte filling the space between the 
metal oxide crystal particles, will be slowed down and the current density will be lowered, consequently the 
photon conversion efficiency will be deteriorated. 

[0018] Also, the thickening of the film can have an effect on the open-circuit voltage of this photo- 
electrochemical cell, which can be described concretely by following formula. 



Voc = In 



35 m: Ideal factor, k: Boltzmann constant, T: Absolute temperature, e: charge of electron, 

/ ph : Photo-current obtained by this photo-electrochemical cell, lo: Dark current that is produced by recombination 
of electron injected into the metal oxide and the redox couple in the electrolyte 

40 

[0019] The recombination probability of the electron injected into the metal oxide and the redox couple in the 
electrolyte is increased by increasing the film thickness; consequently, the dark current lo will be increased and the 
voltage Voc will be decreased. 

[0020] A further method investigated by the inventors was to improve photon conversion efficiency by controlling 
45 the metal oxide particle diameter at 300-500nm in order to improve the light scattering effect. In the light scattering 
theory it is known that the light can be scattered most efficiently when the particle diameter is half of the 
wavelength. From this point of view, it could be preferable to have a metal oxide particle size of 300-500nm in order to 
obtain the most effective light scattering in the metal oxide film illuminated with incident light of wavelengths 600- 
1 0OOnm, so the photo conversion efficiency has to be improved. However, it is hard to improve the photon conversion 
efficiency by this method, likely because the total surface area of metal oxide particles is decreased, which means that 
the dye adsorption area is decreased. Moreover, a higher temperature for the sintering of the metal oxide particles to 
form a film is requested because of the bigger particle size. By considering the fusing point of glass used in the anode 
electrode, a low temperature is preferable for the metal oxide sintering of the film. 

[0021] Therefore, this invention aims to improve the photon conversion efficiency in such a photo-€lectrochemical 
cell, in particular the technical issue which improves the photon conversion efficiency in longer wavelength range by 
the improvement of the photo-electrode (anode electrode). 

[0022] The proposed solution provided by this invention to solve the above-mentioned problems is that the metal 



oxide semiconductor film used for the anode electrode of the photo-electrochemical cell is prepared with metal oxide 
particles of different sizes, ranging from sizes at least smaller than 30 nm and sizes at least bigger than 100 nm, and, 
moreover, with the average particle size being 30-50 nm. 

[0023] With this composition, the surface area for dye adsorption can be assured by the smaller sized particles and 
the light scattering effect can be improved by the bigger sized particles. In addition, the sintering of the metal oxide 

5 film can be done at low temperatures by means of the small sized metal oxide particles. However, this invention does not 
exclude the presence in the film of a mixture of different metal oxide particles sized between 30 nm and 100 nm. 
[0024] According to the invention, the surface area for dye adsorption can be assured by the small size metal oxide 
particles and the light scattering effect can be improved by big size metal oxide particles, and, consequently, the 
photon conversion efficiency can be improved without degradation of voltage in the photo-electrochemical cell. 

10 [0025] In addition, there is no more risk for cracking during sintering by including small size metal oxide 
particles and it is not necessary to set the temperature extremely high for the sintering thanks to the presence of the 
small particles. 

[0026] Therefore, the present invention provides a photo-electrochemical cell, comprising an anode electrode having 
a film of metal oxide semiconductor particles which have been deposited and sintered on a transparent substrate, a dye 
15 that is adsorbed as a monomolecular layer on the surface of said metal oxide particles, a cathode electrode, and an 
electrolyte that is filling the space between the said anode electrode and cathode electrode, characterised in that the 
said metal oxide particle comprise : 

- small size metal oxide particles of sizes less than 30 nm and preferably higher than 10 nm, and 

20 

- big size metal oxide particles of sizes bigger than 100 nm and preferably smaller than 200 nm, and 

- the average particle size of the particle is 30-50 nm. 

25 

[0027] The proportions said of small particles of sizes lower than 30nm and said big particles of sizes higher than 
100 nm are such that they allow to improve the photon conversion efficiency of the cell by keeping the dye absorption 
area and by improving the light scattering effect. 

[0028] More particularly the proportions in weight of said small particles is at least 15 %, preferably at least 20 
30 % more particularly within the range 20-30 % and the proportion of said big particles is at least 1 %, preferably at 
least 5 %, more particularly within the range 5-15 %. 

[0029] In a preferred embodiment, the particles of the said metal oxide are particles of Ti0 2 , and more preferably the 
BET surface area of said metal oxide particles layer is from 25 to 45 m 2 /g. 

[0030] From their numerous comparative assays, the inventors have found that the following characteristics are 
35 advantageous : 

- the distribution of particle size of said metal oxide particles is ranging from 10 to 200 nm., and more particularly 
the distribution of the particle sizes of said metal oxide particles is ranging from 1 5 to 1 80nm. 

40 - the porosity of the said metal oxide layer is from 45 to 55 %. The porosity appears to enhance the light scattering 
effect and the electrolyte species diffusion through the metal oxide layer. 

- The thickness of said metal oxide layer is from 1 0 to 25 nm. 

45 

[0031] Preferably the film on the anode electrode is a 2-layer structure, wherein the first layer is deposited 
directly on the anode electrode substrate and the second layer is deposited on the first layer. In particular, it is 
preferable that the second layer is more porous (less dense) than the first layer. In particular, it is preferable if 
the porosity of the first layer is between 45% and 55%, and the porosity of the second layer is between 55% and 65%. 

50 With this structured film, a larger surface area for dye adsorption can be obtained for the first layer compared with 
the surface area of the second layer, since the first layer is more dense than the second layer. In the first layer, 
which is close to the anode electrode substrate, the dye molecule is excited by the incident light and the injection of 
electrons into the conductive band of the metal oxide takes place more effectively than in the second layer. 
[0032] Preferably the average metal oxide particle size of the said second layer is similar to the one of the said 

55 first layer. More particularly, the distribution of the metal oxide particle sizes of said second layer is from 10 to 
200 nm with an average size from 30 to 50 nm. 



[0033] Preferably, the thickness of said first layer is from 10 to 25 urn and the thickness of said second layer is 
from 5 to 20 jjm. 

[0034] ' The most important role of the second layer is to increase the light scattering effect both because of the 
presence of the bigger metal oxide particles, and also because of the presence of pores, which are present in higher 
amount and have a size which also produce light scattering. In addition, the increased amount of pores present in the 
5 second layer improves the diffusion flow of the redox couple and, consequently, the reduction of the dye (when oxidized 
by injecting electrons into the conductive band of the first layer) by the redox couple is speed up. 

[0035] Suitable chromophores, i.e., sensitizers, are any kind of dyes such as complexes of transition metals for 
example complex of ruthenium and osmium and more particularly any kind of other type of organic or organometallic dyes. 
The chromophores may be chemisorbed, absorbed or otherwise by permanently added as a momomolecular layer in the 

10 region of the surface of the metal oxide semiconductor. 

[0036] Examples of an electrolyte for such photoelectrochemical cells are iodide, bromide, hydroquinone or other 
redox systems. Because of their redox potential, these electrolytes act as pure relay substances for the charge transport. 
[0037] Good conversion efficiency are obtained when the electrolyte comprises the redox couple I7I 2 dissolved in an 
organic solvent preferably acetonitrile and the dye comprises a ruthenium complex with ligand comprising preferably 

15 carboxylate groups. 

[0038] Other advantages and characteristics of the present invention will be apparent from the following examples 1 
and 2. 

Fig.1 is the drawing that explains the structure and the principle of the photo-electrochemical cell. In figures 
20 the following references have the following meanings : 

10: Cathode electrode 

1 1 : Glass 

25 

12: Transparent conductive layer 
20: Anode electrode 
™ 21: Glass 

22: Transparent conductive layer 
23: Ti02 layer (film) 

35 

24: Ti02 particle 
25: Dye 

40 26: Pore between Ti02 particles 

30: Electrolyte 

45 Fig. 2 is the enlarged drawing of the part A in Fig 1 . 

Fig.3 is the graph contrasting the dye absorption coefficient (left graduations) and the photon conversion 
efficiency (IPCE %) of conventional photo-electrochemical cell (right graduations). When using metal oxide films of 
small particle size, the film does not appreciably scatter the light and the better IPCE which can be obtained 
50 follows the absorption spectrum of the sensitizer. 

Fig.4 is the graph showing the photon conversion efficiency (IPCE %) of the first example of this invention and two 
comparative examples. 

55 Fig. 5 is the graph showing the photon conversion efficiencies (IPCE %) of the photo-electrochemical cells prepared 

in the example 1 and the example 2 of this invention. 
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[0039] This is the explanation about the fabrication method of the anode electrode, in which Ti02 particles are 
produced by an autoclave method and the Ti02 film is deposited on the anode substrate and sintered. The particle size 
and particle size distribution of Ti02 prepared by an autoclave method can be changed by means of different parameters 
like the pH of the hydrothermal treatment or the temperature of the autoclave. The following explanations concern the 
synthesis of examples of Ti02 colloids that have the particle size distribution of this invention. 

[0040] At room temperature, pour 125 mL of titanium isopropoxide (from Aldrich) by few drops at a time into 750 mL 
of an alkaline solution of 0.1 M of alkali (e.g. tetramethylammonium hydroxide) while stirring strongly. The obtained 
slurry is stirred at 80°C for 8 hours. After this procedure, the isopropanol obtained in the reaction is removed by 
evaporation and about 700 mL of Ti02 sol is obtained. This sol is then placed in the autoclave at 260°C for 12 hours and, 
afterwards, it is left cooling down naturally. After adding Triton X-100 at 10% in total volume to the obtained Ti02 
paste, it is deposited on a transparent conductive oxide (TCO) glass (having a resistance of 1 0n/square) by using a doctor 
blade method. After drying the film at room temperature, the obtained film is sintered at 450°C for 20 minutes, and, as 
a result, a porous Ti02 film with about 17 urn film thickness and the above-mentioned particle size distribution is obtained. 
[0041] The following explanation concerns the example of the photo-electrochemical cell fabrication with the above- 
mentioned Ti02 film. 

[0042] Soak the Ti02 film prepared by the above-mentioned method in a dry ethanol solution of 3-10" 4 M of the dye 
cis-di(dhiocyanato)bis(4.4'-dicarboxylate-2.2 , -bipyridine)ruthenium(ll) during 24 hours, as described in the article 
"J.Am.Chem.Soc, vol. 115 (1993), pags. 6382-6390". Then, the dye is deposited on the surface of the Ti02 film, and the 
electrode is taken out from the solution under a stream of Ar. The anode electrode of the photo-electrochemical cell has 
been fabricated. 

[0043] This anode is then used to fabricate the photo-electrochemical cell whose structure is indicated in Fig.1, 
by the method described in the article "J.Am.Chem.Soc, vol. 115 (1993), pags. 6382-6390". An example of electrolyte that 
can be used is [r]=0.7M and [l 2 ]=0.1M dissolved in acetonitrile. 

[0044] The photon conversion efficiency of the photo-electrochemical cell fabricated by the above procedure is 
indicated in the Fig. 4 together with other comparative examples. This graph of Fig 4 shows the photon conversion 
efficiency as a function of the wavelength of the photo-electrochemical solar cell of this invention (sample 1) and 
other comparative examples (sample 2 & 3). The specific surface of the polycristalline films are characterized with 
the well-know BET method based on adsorption on nitrogen. The average particle size was estimated by the spherical 
approximation, using the following formula: 

d = BET / (6000 x p) 

where d is the average particle diameter, expressed in [nm], BET is the BET surface expressed in [m 2 /g], and p is the 
Ti0 2 density which is equal to 3.84 g/cm 3 . The porosity of the film can be obtained with the same technique, from which 
the "pore volume" (expressed in [cm 3 /g]) is calculated applying either the BET algorithm or the BJT algorithm. The 
"pore volume" is readily converted into the porosity coefficient Ep (or just called porosity, expressed in % units), which 
is the proportion of the empty volume against the total geometric volume of the film. 

[0045] The roughness factor of the film, G, can be easily calculated by taking into account the specific surface 
(here the BET surface), the porosity ( £p ), and the film thickness (e), as shown in the following formula: 

G = BETxdxex(1-s p ) 

where d is the Ti0 2 density (3.84 g/cm 3 ), e is the film thickness is expressed in [urn], and BET is the BET surface in [m 2 /g]. 
[0046] The distribution of particle size can be done by taking pictures with Scanning Electron Microscopy (SEM). 
The weight proportions of narrower ranges of particle sizes can be done by selective sedimentation by centrifugation of 
the colloid used on the film fabrication, followed by the characterization of the narrower ranges of particle sizes using the 
BET technique. , 

[0047] The distribution of particle size and the BET average particle size for sample 1, 2, and 3 are shown in the 
following chart. 



Sample 
No 


Distribution of particle 
size (nm) 


BET average particle diameter size 
(nm) 


BET Surface 
(m 2 /g) 


Roughness 
factor 


Sample 1 


15-180 


46 


30 


1800 


Sample 2 


8-15 


10 


90 


2200 


Sample 3 


60-200 


92 


10 


1600 



[0048] The sample 2 is fabricated by one method published in the article "J.Am.Chem.Soc, vol. 115 (1993), pags. 
6382-6390" , which is similar to the one used for Sample 1 but choosing an acid pH (acid or nitric acid) and an 
5 autoclave temperature of about 230°C. Sample 3 was obtained by partial centrifugation of the colloid obtained for Sample 
1. For all samples, the illuminated area of the photo-electrochemical cell was fixed to 0.54 cm2 (6mm x 9mm). The better 
results were obtained when the thickness of Ti02 film was between 12 and 17 urn. 

[0049] As clearly shown in the graph of Fig 4, the photo-electrochemical cell of this invention (1) has remarkably 
high photon conversion efficiency, especially in the 600-900nm wavelength range, compared with those of sample (2) and 

10 sample (3) that are fabricated based on existing technologies. 

[0050] Also, for the output voltage, the photo-electrochemical cell of this invention (1) shows 0.68V under the 
photovoltaic standard condition of AirMass1.5 and 1000 W/m2, which is approximately the same value of sample 2, that is 
0.67V. Therefore, there is no degradation of the output voltage of sample 1 with respect to sample 2. 
[0051] As to the porosity Ti02 film used for the photo-electrochemical cell of this invention, the porosity of the 

15 Ti02 film of the sample 1 is 48%. 

[0052] As mentioned above, by this invention the photon conversion efficiency can be remarkably improved in the 
long wavelength range over 600nm without deterioration of the output voltage of the photo-electrochemical cell. 

Example 2 

20 

[0053] The porous Ti02 film explained in the above-mentioned example has been used as a first layer of a 2-layer 
structure of the Ti0 2 film of this example 2. 

[0054] The same paste prepared in Example 1 is deposited on the first layer of Example 1 by doctor blade method, 
keeping the electrode warm at about 60°C. After drying up the obtained film, the film is sintered at 450°C for 20 

25 minutes. The second layer of porous Ti02 film had 20-150 nm particle size distribution, 46 nm BET average particle size 
30 m 2 /g BET surface, 12 urn film thickness and 61% porosity. Using this 2-layer film, the photo-electrochemical cell was 
fabricated with the same electrolyte and by the same fabrication method of photo-electrochemical cell explained in the 
first example. However, for the adsorbing the dye on the Ti02 film, a 5-10^ M dry ethanol solution of tris-thiocyanato(4, 
4 , ,4"-tricarboxy-2,2 , :6 , I 2"-terpyridine)ruthenium (II) dye was used. 

30 [0055] Fig 5 shows the comparison of photon conversion efficiency in the photo-electrochemical cells of the first 
and second examples. They show the photon conversion efficiency as a function of the wavelength for each sample. The 
sample 1 has the 2-layer Ti02 film explained in the second example and use the tris-thiocyanato(4,4',4" tricarboxy-2,2': 
6\2"-teroyridine)ruthenium(ll) dye. The sample 2 has the single layer Ti02 film (the first layer of the second example) 
of the first example and use the tris-thiocyanato(4 I 4 , ,4"-tricarboxy-2,2 , :6',2"-terpyridine)ruthenium(ll) dye. The 

35 sample 3 has the single layer Ti02 film (the first layer of second example) of the first example and use the cis- 
di(thiocyanato)bis(4,4 , -dicarboxylate-2,2'-bipyridine)ruthenium(ll) dye. 

[0056] Samples with a single metal oxide layer of same high porosity (60 %) but with the wide range of distribution 
particle size, like those of samples 2 and 3 of examples 1 among others, displayed results of lesser photon conversion 
efficiency. 

40 [0057] As clarified in Fig 5, the photo-electrochemical cell in which the 2-layer Ti02 film by this invention is 
applied to the photo-electrode shows remarkable high photon conversion efficiency, specially in the long wavelength 
range, at 600-1000nm. 

[0058] Also, for the output voltage, the sample 1 based on the second example of this invention generates 0.68V 
under the photovoltaic standard condition of AirMassI .5, and 1000W/m2, which is approximately the same level output 
45 voltage of 0.67V generated by the system fabricated by the conventional technology. Therefore, there is no degradation 
of the output voltage by thickening of the Ti0 2 film. 

[0059] According to the above explanations, the photo conversion efficiency can be improved in the long wavelength 
range without degradation of the output voltage of the photo-electrochemical cell. 
^ [0060] The photon conversion efficiency can be improved by the Ti02 film with the 2-layer structure in which the 
} first layer closer to the anode substrate is the more dense layer and the second layer closer to the cathode electrode 
is the less dense layer. Concretely, the dye adsorption can be improved in the layer close to TCO (glass substrate) and 
the redox couple diffusion flow can be improved in the second layer close to cathode electrode ; therefore, the current 
in the photo-electrochemical cell will flow without any restraint of the ionic flow. In addition, the pores between the 
Ti02 particles of the less dense layer close to cathode electrode enhance the light scattering effect, in the same way 
55 as the bigger Ti02 particles produce light scattering. Also the problem of voltage decline due to the thickness of film 
can be solved. 
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Claims 

1. A photo-electrochemical cell, comprising an anode electrode (20) having a film (23) of metal oxide semiconductor 
particles which have been deposited and sintered on a transparent substrate, a dye (25) that is adsorbed as a 
monomolecular layer on the surface of said metal oxide particles, a cathode electrode (10), and an electrolyte (30) 
that is filling the space between the said anode electrode and\cathode electrode, characterised in that the said metal 
oxide particles comprise small size particles of sizes less than 30 nm and preferably higher than 10 nm and big size 
particles of sizes bigger than 100 nm and preferably smaller than 200 nm, and the average particle size of the 
particles is 30-50 nm. 1 

\ 

2. A photo-electrochemical cell according to claim 1, characterised in that the particles of the said metal oxide are 
particles of Ti02. \ 

3. A photo-electrochemical cell according to claim 1 or 2, characterised in that the BET surface area of said metal 
oxide particles layer is from 25 to 45 m2/g. ^ 

4. A photo-electrochemical cell according to anyone of claims 1^ to 3, characterised in that the distribution of 
particles sizes of said metal oxide particles is ranging from 1 0 to 200'nm. 

5. A photo-electrochemical cell according to claim 4, characterised in that distribution of the particle size of said 
metal oxide particle is ranging from 15 to 180nm. \ 

6. A photo-electrochemical cell according to anyone of claims 1 to 5 wherein the weight proportion of said small size 
particles is at least 15 %, preferably at least 20 % and the weight proportion of said big size particles is at 
least 1 %, preferably at least 5 %. 

7. A photo-electrochemical cell according to one of claims 1 to 6, wherein the porosity of the said metal oxide layer 
is from 45 to 55 %. \ 

8. A photo-electrochemical cell according to anyone of claims 1 to 7 wherein the thickness of said metal oxide layer 
30 is from 10 to 25 nm. 

9. A photo-electrochemical cell according to any one of claims 1 to 8, characterised in that said metal oxide film 
consists of two layers with the first layer, which is deposited directly on said anode electrode substrate, and the 
second layer, which is deposited directly on this first layer, the said secoYid layer having a porosity higher than 

35 the said first layer and preferably the average metal oxide particles size similar to^the said first layer. 

10. A photo-electrochemical cell according to claim 9, characterized in that the porosity of said first layer is 45 - 
55% and the porosity of said second layer is 55 - 65%. v 

40 11. A photo-electrochemical cell according to anyone of claims 8 to 10, characterised in that the thickness of said 
first layer is from 10 to 25 pm and the thickness of said second layer is from 5 to 20 urn. 

12. A photo-electrochemical cell according to anyone of claims 1 to 10 wherein the electrolyte comprises the redox 

couple \'l\ 2 dissolved in an organic solvent preferably acetonitrile. \ 

45 \ 

13. A photo-electrochemical cell according to anyone of claims 1 to 12 wherein the dye comprises a ruthenium complex 
with ligand comprising preferably carboxylate groups. \ 

\ 
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